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Introduction
Progressive supranuclear palsy (PSP) was first described in 1964 by Steele, Richardson and Olszewski as a heterogeneous degeneration involving the brain stem, basal ganglia and cerebellum with clinically a vertical gaze and pseudobulbar palsy, nuchal dystonia and dementia [21] . Progressive supranuclear palsy is now increasingly recognized, with an average prevalence of 3.5 per 100 000 [19] . It belongs to the family of tauopathies with the classical picture, consisting of a symmetrical akinetic-rigid syndrome, vertical supranuclear gaze palsy, frontal deficits, prominent postural instability and falls, now referred to as Richardson's syndrome (PSP-RS). However, several variants in the clinical presentation complicate the early differential diagnosis [20] . It now includes a progressive supranuclear palsy-parkinsonism (PSP-P) form and one with pure akinesia and gait freezing (PAGF) [22] .
Vascular factors have sometimes been implicated, leading to the description of a vascular progressive supranuclear palsy syndrome [15] . A pre-symptomatic history of arterial hypertension as a major feature in the diagnosis of PSP remains controversial [3, 13] .
Although the co-existence of argyrophilic grains, corticobasal degeneration, Alzheimer features and Lewy bodies was rather frequent in a large post-mortem series of PSP patients, the severity of cerebrovascular pathology was found to be too limited to explain any clinical symptomatology [17] . These findings are in contrast to the high incidence of small bleeds observed in brains of patients with Alzheimer dementia (AD) and Lewy body dementia (LBD) [4, 5, 9] .
The present neuropathological and post-mortem 7.0-Tesla magnetic resonance imaging (MRI) study investigates the prevalence and the distribution of small cerebral bleeds and other cerebrovascular lesions in patients with PSP.
Material and methods
Progressive supranuclear palsy and control population
From January 2000 until February 2013, 212 consecutive patients with a clinical history of a neurodegenerative disease came to autopsy: in 19 (9%) of them the neuropathological diagnosis of PSP was made.
During the same period, 12 post-mortem brains of age-matched controls were obtained. The controls consisted of brains of elderly patients who died from an illness not related to a cerebral disease.
All patients had well-documented clinical files including a prior history of vascular risk factors and of the use of antithrombotic agents.
Neuropathological analyses
Post-mortem brains were obtained by informed consent of the patients or from the nearest family, who allowed an autopsy for a post-mortem diagnosis and the use of brain samples for scientific purposes. The brain tissue samples were first used for diagnosis and afterward integrated in the Lille Neuro-Bank, dependent on the University of Lille and co-federated by the "Centre des Resources Biologiques", acting as the institutional review board. The neuropathological evaluation was performed blinded to history and clinical data.
Neurodegenerative lesions
After 3-week fixation in formalin, many samples were taken according to a standard protocol [4] . Slides from paraffin-embedded sections were immuno-stained for tau protein, β-amyloid, α-synuclein, prion protein, TDP-43 and ubiquitin.
The post-mortem diagnosis of PSP was made according to the NINDs neuropathological criteria for Steele-Richardson-Olszewski syndrome (progressive supranuclear palsy) [14] . Additional AD features were staged according to the classification of Braak and Braak [1] .
Cerebrovascular lesions
The prevalence and severity of cerebrovascular lesions were compared between the brains of PSP patients and controls. In addition, a semi-quantitative evaluation of small microscopic lesions was performed on a whole coronal section of a cerebral hemisphere, at the level of the mamillary bodies, and a horizontal section through the mid-pons and cerebellar hemispheres, after staining with hematoxylin-eosin, Luxol Fast Blue and Perl's Prussian Blue. The considered cerebrovascular lesions were bleeds, infarcts, lacunes and white matter changes.
A semi-quantitative scale, with ranking (R) 0 to 3, was used to evaluate the severity of the white matter changes and the frequency of micro-infarcts and of micro-and mini-bleeds. The white matter changes were restricted to the periventricular regions (R1), scattered in the centrum semiovale (R2) or forming confluent lesions (R3) of myelin and axonal loss. For the micro-infarcts, micro-and mini-bleeds R1 corresponded to 1 to 2, R2 up to 5 and R3 to more than 5 lesions per region [4] .
Magnetic resonance imaging examination
Out of the neuropathological series, 14 PSP and 11 control brains were available for MRI examination. On a 7.0-Tesla MRI Bruker BioSpec SA (Ettlingen, Germany) three MRI sequences were used: a positioning sequence, a T2 sequence and a gradient echo T2* sequence. Three coronal sections of a formalinfixed cerebral hemisphere and one section of brain stem and cerebellar hemisphere, placed in a plastic box filled with physiological serum, were examined ac cording to the previously described method [6] . The mean number of cortical small bleeds detected on each examined section was compared between the PSP and control brains. The majority of the brain stem sections consisted of a horizontal section through the pons. Only in one PSP and one control brain was a sagittal section of the whole brain stem available.
Statistical analyses
The statistical analysis compared the items of the PSP with the control group. Univariate comparisons of unpaired groups were done with Fisher's exact test for categorical data. The non-parametric Mann-Whitney U-test was used to compare continuous variables. The significance level was set at 0.05, two-tailed.
Results
The demographic and main clinical data of the 19 patients with proven PSP are labeled in Table I . 
The median age at onset of the PSP was 67 (interquartile range [IQR]: 56-73) years). Ten patients presented clinically as a PSP-RS and 9 as a PSP-P. The average disease duration was 8.5 (SD 4.3) years. The median age of the patients at death was 75 (IQR: 68-82) years. This was not statistically different from the 70 (IQR 65-77) years in the controls. Gender distribution was also similar, with 42% males in the former and 75% in the latter group.
The vascular risk factors of both groups were rare and not significantly different between the groups. Antithrombotic agents had been used by 32% of the PSP patients and by 25% of the controls (Table II) .
The global severity of mini-bleeds was low in the PSP brains and comparable to the controls on neuropathological examination. Only mini-bleeds in the cerebellum (p = 0.05) and in the pons (p = 0.05) were significantly more frequent in PSP brains. In the cerebellum the mini-bleeds were exclusively found around the dentate nucleus, while in the pons they predominated in the tegmentum (Fig. 1A-B) . The incidence of other cerebrovascular lesions was low in the PSP as well as in the control brains (Table III) . Table IV shows the mean values of hypo-intensity signals, representing small bleeds, in the cerebral cortex of the 3 coronal slides of a cerebral hemisphere, the hippocampus, pons and cerebellum on T2*-weighted gradient-echo MRI. Only around the dentate nucleus of the cerebellum and in the tegmentum pontis of the PSP brains, significantly more small bleeds were observed compared to the controls (p < 0.5) ( Fig. 2A-B) . One sagittal sample of a whole PSP brainstem could be compared to a normal control. In addition to the global atrophy and the 
B A
loss of hypo-intensity in the substantia nigra and red nucleus, small bleeds were observed in the dorsal part of the whole brain stem (Fig. 3) .
Discussion
No overall increase of small cerebral bleeds is observed in PSP brains on neuropathological examination or on MRI. This is similar to what happens in frontotemporal lobar degeneration, which in most cases also belongs to the family of tauopathies [7] and is in contrast to the overall prevalence of small bleeds in AD and in the cerebral cortex of LBD [4, 5, 9] . However, compared to age-matched controls, an increased number of mini-bleeds is observed around the dentate nucleus of the cerebellum and in the tegmentum pontis of PSP brains.
Ponto-cerebellar micro-bleeds are frequently observed in patients with cerebral micro-angiopathy due to arterial hypertension [12] and in those using antithrombotic agents [2] . These bleeds are mainly observed around the dentate nucleus of the cerebellum, similar to our cases, and in the central portion of the pons [18] instead of in the tegmentum as in the PSP brains. Our patients with PSP have a low incidence of vascular risk factors, similar to the controls.
Our 7.0-Tesla MRI study confirms the neuropathological findings of an increased incidence of small bleeds in the pons and cerebellum. In the sample covering the whole brain stem, one can suspect that the small bleeds extend over the whole length of the brain stem.
The selective presence of mini-bleeds must be linked to the neurodegenerative process of the PSP itself. The clinical and the neuropathological findings in PSP are heterogeneous and can affect the cerebellum to various degrees [16, 22] . The findings in PSP share similarity with those observed in our post-mortem 7.0-Tesla MRI study of frontotemporal lobar degeneration, in which minibleeds predominated in the frontal cortex, where the major neurodegenerative changes occur [8] .
There is now evidence for increased angiogenesis and microglial activation in the neuropathologically most affected regions of PSP. Such angiogenic vessels could contribute to neuroinflammation and lead to disruption of the blood-brain barrier [11] . Also in Alzheimer's disease ongoing angiogenesis is mainly observed in the hippocampus and is correlated with the presence of neurofibrillary tangles [10] .
In any case, the presence of these mini-bleeds in the pons and cerebellum are not to be considered as evidence of cerebrovascular involvement in the pathogenesis of PSP.
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